Genes for the Biosynthesis and Attachment of the 2-Amino-3-Hydroxycyclopent-2-Enone Moiety (C 5 N Unit) to the Pentasaccharide Moiety of MmA.
ALA is thought to be converted from a linear to a cyclic precursor by an acyl-CoA ligase. Clusters 1 and 2 both contain genes, moeB5 and moeA4, showing strong homology to the putative acyl-CoA ligase from the ECO-02301 biosynthetic gene cluster in S. aizunensis (>50% identity over the aligned sequences). The predicted moeB5 translation product is, however, significantly shorter (301 aa) than other known acyl-CoA ligases (typically around 500 aa). Sequence analysis of moeB5 suggests that it has undergone an in-frame deletion of its central part (corresponding to 50-350 aa region of S. aizunensis homologue), and thus the translation product shows homology only to the C-terminal part of acyl-CoA ligases. The moeB5 gene is unlikely to encode a functional acyl-CoA ligase.
The moeA4 translation product in moe cluster 2, however, shows end-to-end homology to the aforementioned acyl-CoA ligase from S. aizunensis (63% identity and 73% similarity).
Cluster 2 also contains a putative amide synthase gene moeB4, which is homologous to AMP-dependent synthetases and ligases. The closest homology is shown to the aminocoumarin ligase SimL (45% identity and 62% similarity) (Trefzer 2002 , Pacholec 2005 . MoeB4 is thus proposed to transfer the C 5 N unit onto the saccharide scaffold of MmA. The stop codon of the moeB4 gene overlaps by one nt the start codon of moeA4 and these two genes are transcribed divergently with regard to the direction of moeC4 transcription.
Glycosyltransferase Genes
Five putative glycosyltransferase (Gtf) genes were identified within moe cluster 1. The closest homologues of the moeGT1 gene product are MurG-like UDP-Nacetylglucosamine:LPS-acetylglucosamine transferases from various bacteria (27% identity and 40% similarity to a putative Gtf from Polaromonas sp JS666). A conserved domain database (CDD) search revealed the presence of a Gtf group 1 domain (pfam 00534) in the C-terminal portion of MoeGT1, as well as incomplete MurG and RfaG domains (COG0707 and COG0438, respectively) . Gtfs having these domains are involved in synthesis of the lipopolysaccharides. For example, in peptidoglycan biosynthesis MurG transfers N-acetylglucosamine onto the monoglycosylated carrier Lipid I, thus forming Lipid II (Men 1998 , Heijenoort 2001 . Due to the similarity between MurG family enzymes and MoeGT1, we propose that the latter carries out a similar reaction during MmA biosynthesis, namely, transfer of N-acetylglucosamine onto the monoglycosylated MmA intermediate (units F-G-H; Fig. 3 ).
The putative translation product of moeGT2 shows homology to known Gtfs involved in lipopolysaccharide O-antigen biosynthesis in Yersinia enterocolitica, Escherichia coli and Streptococcus agalactiae (28% identity and 47% similarity) (Zhang 1997 , Paton 1999 , Chaffin 2002 . MoeGT2 also contains conserved a Gtf domain (pfam00535) present in the very diverse family 2 Gtfs, which transfer sugars to a range of substrates including cellulose, dolichol phosphate and teichoic acids. The specificity of the closest MoeGT2 homologues is not known and/or the degree of similarity is insufficient to assign the function of the moeGT2 gene. The same is true for the other 3 putative Gtf genes found in moe cluster. The product of moeGT3 gene expression is similar to family 2 Gtfs involved in antibiotic production (32% identity and 45% similarity to AprG1 GT from the S. tenebrarius apramycin gene biosynthetic cluster) (Du 2004) , biofilm and antigen biosynthesis (23% identity and 44% similarity) (Kaplan 2004 as well as to putative Gtfs involved in cell wall biogenesis. MoeGT3 possesses a putative conserved Gtf domain (COG1216) present in many Gtfs. Gene moeGT4 encodes a putative 427 aa protein in which the N-terminal portion shows moderate homology (27% identity and 38% similarity) to a putative family 2 Gtf from Mycobacterium vahbaalenii PYR-1. A CDD search failed to locate conserved domain(s) within MoeGT4. However, more careful inspection of the MoeGT4 sequence using HHpred program (ExPaSy proteomics server) showed that the C-terminus of MoeGT4 exhibits a low degree of homology to chitin synthase and Gtf 2 conserved domains (accession numbers pfam03142 and COG1216, respectively). The putative 312 aa protein encoded by moeGT5 gene is homologous to central part of MoeGT4 (45% identity and 59.1% similarity). HHpred results suggest that a COG1216 domain is also present in MoeGT5.
Sugar Biosynthetic and Tailoring Genes
The product of moeF5 gene translation resembles putative and known asparagine synthase B related enzymes from various bacteria (36% identity and 46% similarity).
These synthases belong to the huge glutamine amidotransferase family whose members catalyze ATP-dependent amide nitrogen transfer from glutamine to acceptor substrates in different biosynthetic pathways (Zalkin 1998) . MoeF5 is most similar to WbpS proteins from Pseudomonas aeruginosa O4 and Shigella dysenteriae type 7, which are encoded by respective genes in clusters for the biosynthesis of O antigens (29% identity and 43% similarity) (Feng 2004 , Belanger 1999 . WbpS proteins are suggested to be responsible for carboxyl-amidation of deoxysugar moieties during antigen biosynthesis in the aforementioned strains. A MoeF5 CDD search revealed the presence of a glutaminase domain (AsnB; cd00712) and an interrupted asparagine synthase domain (Asn synthase BC; cd01991) in the N-and C-termini, respectively. MoeF5 displays also local homology (27.1% identity and 34% similarity) to MoeH5, another AsnB-like protein encoded by moeH5 gene within moe cluster 1. MoeH5 shows 32% identity, and 48% similarity to a putative amidotransferase of Azoarcus sp. EbN1 and possesses a truncated asparaginase domain and an entire amidotransferase domain. We propose that a MoeF5MoeH5 heterodimer catalyzes the amidation of the carboxyl group of moenuronamide (unit F; Fig. 3 ) precursor, thus leading to formation of the unit F carboxamide moiety. In this reaction glutaminase MoeF5 provides the amide nitrogen by hydrolysis of glutamine, whereas the MoeH5 amidotransferase transfers it to the carboxyl group. It is also possible that the presence of two asnB-like genes in moe cluster 1 is the result of mere duplication, and that one of them is dispensable for MmA biosynthesis. The putative protein encoded by moeK5 is homologous to radical SAM superfamily enzymes, particularly to a presumed methyltransferase from Pyrococcus horikoshii OT3 (34% identity and 52% similarity). A CDD search revealed a radical SAM vitamin B12 binding domain (cd02068) and a radical SAM domain (pfam04055) in the N-and C-halves, respectively, of MoeK5. We speculate that MoeK5 could function (as a methyltransferase) via a SAM radical mechanism similar to that proposed by van der Donk and coworkers (Woodyer 2007) . In fact, MoeK5 displays homology to fortimicin KL1 C-methyltransferase (32% identity and 45% similarity), which belongs to a small family of enzymes that use methylcobalamin as a methyl group donor in the biosynthesis of fortimicin, bialaphos and fosfomycin , Kuzuyama 1995 . Welzel and coworkers have proposed a nucleophilic mechanism involved SAM as a the methyl donor based on experiments showing that a 13 C-methyl is incorporated into moenomycins when cultures are grown in the presence of 13 C-methionine (Schuricht 2000) . However, Kuzuyama et al. have reported similar labeling studies for a proposed radical-dependent mechanism (Kuzuyama 1992) . Furthermore, the moe cluster lacks the other genes that would be required for an anionic methylation pathway.
The predicted moeM5 translation product is similar to carbamoyltransferases from NodU family (33% identity and 45% similarity to putative carbamoyltransferase from
Rubrobacter xylanophilus DSM9941) (Jabbouri 1995) as well as to those involved in antibiotic biosynthesis in various actinomycetes (29% identity and 44% similarity to GdmN involved in geldanamycin biosynthesis) (Hong 2004 ). MoeK5 and MoeM5 can govern the transfer of the methyl and carbamoyl groups, respectively, on moenuronamide precursor (Fig. 3 ).
The product of moeR5 gene translation resembles the C-terminal part of CapD-like NAD-dependent epimerases/dehydratases involved in capsular polysaccharide biosynthesis in various bacteria. (53% identity and 68% similarity to putative CapD protein from Nocardioides sp. JS614) (Lin 1994 , Smith 1999 . The gene moeS5 located upstream of moeR5 encodes a protein homologous to a putative polysaccharide biosynthesis protein SCO7194 from S. coelicolor A3(2) (63% identity and 76% similarity). A CDD search revealed a RfbD domain (COG1091) in MoeS5, which is present in many known NDP-4-dehydrohexose reductases. We suggest that moeR5 and moeS5 genes can govern two consecutive steps of UDP-GlcNac transformation into UDP-chinovosamine (unit C of MmA; Fig. 3 ). Particularly, the putative UDP-GlcNAc-4,6-dehydratase MoeR5 is proposed to convert UDP-GlcNAc into UDP-4-keto-6-deoxyGlcNac, and the putative hexose-4-ketoreductase MoeS5 reduces this intermediate to
The putative protein encoded by moeE5 gene is similar to a putative NDP-hexose 4-epimerase from Symbiobacterium thermophilum IAM14863 (46% identity and 58% similarity) and to other known epimerases. This epimerase may play a role in epimerizing UDP-glucuronic acid precursors to UDP-galacturonic acid, the building block for the A ring.
Genes For Phosphoglycerate-Lipid Moiety Biosynthesis
The product of moeN5 gene translation shows homology to putative geranylgeranyl pyrophosphate synthase from Loktanella vestfoldensis (29% identity and 43% similarity)
as well as to a known prenyltransferase CrtE from Rhodobacter sp. (25% identity and 41% similarity). The low similarity of MoeN5 to other known prenyltransferases can be explained by intrinsically low sequence homology among different prenyltransferases and the uniqueness of the reaction catalyzed by MoeN5, e.g., the linkage of geranyl and farnesyl pyrophosphates to give a C 25 isoprene chain (Fig. 4) . MoeN5 is suggested to control both prenyltrasfer and C 25 chain rearrangement (Welzel 2005) .
Upstream of the prenyltransferase gene moeN5 is gene moeO5 which putatively encodes a product showing homology to geranylgeranylglyceryl diphosphate synthases (GGGPSs) from various Archaea (27% identity and 43% similarity to GGGPS from Thermoplasma acidophylum) (Nemoto 2003 (Wilson 1999 , Mendez 2001 .
Genes Flanking moe Clusters 1 and 2
Orf1 is located upstream of moeS5 gene and its putative translation product is highly homologous to putative and known TetR-family regulatory proteins with the best match being the putative protein SCO6323 of S. coelicolor (58% identity and 69% similarity) (Bentley 2002 and SCO6325-SCO64450; the latter is inverted in S. ghanaensis genome with regard to its orientation in S. coelicolor; data not shown). This allows us to suggest that orfs 1-4 on the "right" side of moe cluster 1 are not involved in MmA biosynthesis. At the "left" extreme of moe cluster 1 (next to moeB5 gene) we identified Orf5 similar to transcriptional regulators from different bacteria, with the best match being the putative regulator SAV792 of S. avermitilis (89% identity and 94% similarity). Orf 6 is most similar to a putative S. avermitilis transmembrane protein SAV791 (86% identity and 92% similarity). The S. avermitilis counterparts of Orf5 and 6 are proposed to be involved in cytosine/purine, uracil and thiamine transport. In the case of moe cluster 2, a PKS type I gene cluster is located near the moeA4 gene. A putative proton dependent transporter gene orf7 has been found downstream of moeC4 gene. Its disruption had no effect on MmA production (data not shown), suggesting that it is not part of moe cluster 2. The genes lying upstream of orf7 (not shown) are predicted to have functions (dioxygenase, paraaminobenzoic acid synthase, luciferase) not associated with MmA production. 
Primers Used in This Study

Construction of Plasmids for moe Gene Disruptions and Expressions
Disruption Plasmids
Using cosmid moeno 5 and primers ligup1HindIII and ligrp1EcoRI 1039-bp internal fragment of moeA4 gene has been amplified. Internal fragments of moeA4 and moeGT1
were cloned as HindIII-EcoRI fragments into respective sites of pKC1139 to yield pKC1139lig3 and pOOB21e, respectively. An EcoRV fragment carrying hygromycin resistance cassette hyg (Kieser 2000) was excised from pHYG1 (Zhu 2005) and inserted into the blunt-ended BamHI site of pKC1139lig3. In this way plasmid pLH1 was generated with the internal moeA4 fragment being divided into two "arms" of 1 and 0.1kb in length. 462-bp internal fragment of moeM5 gene has been amplified from cosmid moeno38 with primers CTcon73for and CTcon73rev, digested with HindIII and EcoRI and cloned into pKC1139 to give pOOB20a.
Expression Plasmids
A 5-kb EcoRI fragment carrying a 3'-truncated moeC4 gene and the entire moeB4moeA4 genes was retrieved from cosmid moeno5 and cloned into the EcoRI site of pOOB5, resulting in pKC11395-8 plasmid (Sp r ). Gene moeB4 along with its promoter has been amplified with primers amsfor1 and amsrev1, digested with XbaI and cloned into the 
. Plasmid pOOB41c was used to complement the OB21e mutant strain.
Gene moeM5 along with its RBS was amplified from cosmid moeno38 with primers moeM5nEcoRXbaup and moeM5nEcoRIrp. The final pOOB40-based construct pOOB43a (Hy r ) carrying P ermE -moeM5 was generated in a two-step manner as in case of pOOB41c. Plasmid pOOB43a was used in the OB20a mutant complementation test.
Analysis of S. ghanaensis Disruption Mutants
LH1 Strain (moeA4 Mutant)
The site-specific integration of the moeA4 disruption plasmid pLH1 in the S. ghanaensis LH1 strain was confirmed in two ways. The first one was via Southern analysis using DIG-labeled moeA4 internal fragment as a probe. In the wild type strain, the moeA4 gene resides in a 10-kb BamHI fragment, whereas in the LH1 strain the corresponding hybridizing band is absent and a new 19-kb band is present. The latter corresponds to integration of a 9-kb pLH1 plasmid into the 10-kb BamHI moeA4-containing fragment of the S. ghanaensis chromosome (Fig. 7A, C) . We used also PCR to verify the moeA4 gene knockout. Primer LH1-start is complementary to the beginning of the hygR cassette, and primer LH1-B4 is homologous to the beginning (83-100bp coding region) of the moeA4
gene. This primer pair can yield 1.5-kb PCR product only if plasmid pLH1 integrates into the S. ghanaensis genome as depicted on Fig.7C . Indeed, we were able to amplify a 1.5kb fragment from the LH1 strain and not from wild type S. ghanaensis (Fig.7B,C) . This amplification further confirmed the homologous integration of the pLH1 plasmid into S.
ghanaensis genome.
Strain OB21e (moeGT1 Mutant)
The integration of the 7-kb moeGT1 disruption plasmid pOOB21e into 10-kb moeGT1-containing BamHI fragment of S. ghanaensis genome was demonstrated (Fig. 8A, C) using a DIG-labeled moeGT1 internal fragment.
Strain OB20a (moeM5 Mutant)
A 2.8-kb XhoI fragment of wild type digest hybridized with moeM5 probe, whereas there are two different hybridizing bands in the case of moeM5 mutant total DNA XhoI digest.
This corresponds to integration of pOOB20a plasmid into the moeM5 gene and the introduction of an additional XhoI site into this chromosomal region (Fig. 9A , C). The stability of inheritance and absence of undesired effects on moenomycins production make pSET152 convenient tool for expression of genes in S. ghanaensis. Two derivatives of pSET152 described in this work (pOOB5 and pOOB40) were also shown via Southern blot and PCR analysis to integrate site-specifically in S. ghanaensis mutant strains.
MS/MS Analysis of Compounds 2 and 4
The MS 2 spectra of compounds 2 and 4 ( Fig.1) n.a. -not assigned peaks observed in this study and also described in (Zehl 2006 
